The hydrophobic effect (HE) is commonly associated with the demixing of oil and water at ambient conditions and plays the leading role in determining the structure and stability of biomolecular assembly in aqueous solutions. On the molecular scale HE has an entropic origin. It is believed that hydrophobic particles induce order in the surrounding water by reducing the volume of configuration space available for hydrogen bonding.
Here we show with computer simulation results that this traditional picture is not correct. Analyzing collective fluctuations in water clusters we are able to provide a fundamentally new picture of HE based on pronounced many-body correlations affecting the switching of hydrogen bonds between molecules. These correlations emerge as a non-local compensation of reduced fluctuations of local electrostatic fields in the presence of an apolar solute.
The HE has a multifaceted nature, i.e. its physical manifestation depends on the lengthscale 1 . On the mesoscale, i.e. hydration of an assembly of hydrophobic units or an extended hydrophobic surface, HE is driven by energy/enthalpy and occurs as a 'dewetting' transition 2-4 which has far-reaching consequences for processes such as protein folding 5,6 and nanoparticle self-assembly 7 . Meanwhile, HE on the molecular scale has an entropic origin 1,8 , particularly near room temperature and lower, while it is believed to eventually become energy/enthalpy driven at higher temperatures 9, 10 . Furthermore, the molecular scale hydration thermodynamics (hydrophobe solubilities, partitioning of hydration free energy into energy/enthalpy and entropy contributions, etc.) appear to be well established and can be worked out, for example, using scaled-particle theory 11 or information theory 12 . While those theories are successful in predicting solubilities of hydrophobic solutes and several related thermodynamic features, they do not provide deeper insight into the physical mechanism underlying HE. Notwithstanding all efforts and advances in the field 1-4,8,11,13-15 the physical picture of HE is still far from being complete and even fundamental issues, such as the mechanism underlying hydrophobicity on different length scales, still have to be clarified.
From the physical point of view the most puzzling feature of HE remains the microscopic picture of entropy loss upon hydrophobic hydration.
Intuitively, the entropy loss is usually attributed to the reduction of configuration space available for hydrogen-bonding 1,8 , which is due to the fact that water molecules need to reorganize around a hydrophobic solute to avoid sacrificing hydrogen bonds. This is supposed to lead to remnants of clathrate structures 16 , which are, however, not rigid and their quantitative importance for understanding hydrophobicity remains questionable 15 . Furthermore, even the actual role of hydrogen bonds for the HE is apparently not entirely clear 10, 17 .
Thus, the physically most intriguing question to be answered still remains: If HE is entropy driven, what specifically causes the loss of entropy? Since entropy loss is directly related to a reduction of available volume in configuration space, how does it affect degrees of freedom of water molecules?
Here we present conclusive simulation results which unravel a fundamentally new picture of the mechanism of HE based on pronounced many-body correlations affecting the intermolecular exchanging of hydrogen bonds. We carry out constant pressure Monte-Carlo simulations of TIP5P water 18 and model hard sphere solutes in an orthogonal simulation box with periodic boundary conditions (see Methods section for details).
In order to present the conceptual change in our understanding of the HE we first address the inconsistencies of the traditional picture. The radial correlation function,
, is used to quantify the degree of translational ordering of water molecules around hydrophobic solutes. We find a non-monotonic dependence of the contact density on particle size, which is due to commensurability of the solute surface and water packing. The relative density fluctuations monotonically decrease with solute size. Two water molecules are defined to be in close contact if their intermolecular distance is less than 3Å , and they are said to be hydrogen-bonded if they are in close contact and if the angle O − H · · · O is larger than 150
• . The cutoff distance for neighbors in close contact is set at 3Å and is more appropriate with respect to the conventional definition of 3.5Å 19 , as there is no preferential mutual orientation beyond the distance of 3Å (see Fig.   2c ). The distribution of the number of water molecules in close contact and the number of hydrogen bonded contacts per water molecule located in the first and second hydration shell and in bulk water is shown in Fig. 1b and c. Except for the smallest solute (with radius 1.4Å) there is no appreciable difference (say of the order of ≥ 0.5) in the number of total and hydrogen-bonded contacts with respect to bulk water, neither in the first nor in the second hydration shell. If the main effect of a hydrophobic solute would be the reduction of the configuration space for hydrogen bonding, then one would naturally expect to find less neighbors in close contact. Clearly, this is not the case. Moreover, the distribution is much narrower in bulk water, which already suggests that the small-scale fluctuations in the vicinity of hydrophobes (i.e. librations, hydrogen-bond exchange, etc.) are enhanced with respect to the bulk. According to our criterion for the nearest neighbor we find that the probability of a water molecule having 3 hydrogen-bonded nearest neighbors is negligible, irrespective of its position.
Aside from an altered number of nearest neighbors the traditional picture also suggest a more ordered local structure. In order to cause entropy loss the structural fluctuations should tend to diminish. To inspect in detail the structural ordering of water molecules in close contact, around hydrophobic particles and in bulk water, we employ the recently introduced dipolar order parameter 20 ,
where i = j and the sum is taken over the N neighbors in the first coordination shell of the i-th water molecule and α Apparently the pair interactions and consequently also the hydrogen bonds are strengthened but there is no reduction of the orientational configuration space explored by individual water molecules in the hydration shells as the distributions are merely shifted while their form remains unchanged. Thus, we find that i) there are no significant differences in the number of nearest HB and non-HB neighbors and ii) there is no orientational constraining although the local structure is more ordered. This is clearly in contradiction with the idea of reduced configuration space available for hydrogen bonding Without an additional compensation mechanism the hydrogen bonds would be significantly strengthened and the entropic frustrations would be expected to grow further. Therefore there must exist a tendency of nearby water molecules (nearest and next-nearest neighbors)
to compensate for the suppressed fluctuations of local electrostatic fields. This in turn can not happen unless the fluctuations of nearby hydrogen-bonded clusters (intra-and interclus-ter fluctuations) become correlated as to maximize local field fluctuations while maintaining as many as possible mutual water arrangements close to the optimal HB geometry. Thus, in order to satisfy the local energetic demand to form hydrogen bonds, the resulting entropic frustration relaxes non-locally in the vicinity of a hydrophobic solute.
Testing this hypothesis demands the evaluation of various many-body correlations. Although addressing the problem of coupled translational-orientational multi-body correlations is nontrivial it can be significantly simplified in the following manner. While single water molecules are, by nature, indistinguishable they can be transiently classified as being hydrogen bonded or non-bonded to its nearest neighbor (using the same criteria as above).
Any HB exchange event merely permutes the indices between water molecules. With these criteria we can, at any instant, classify the HB and non-HB neighbors of any given molecule. Such fluctuations can be easily described in terms of fluctuations of interaction energies of hydrogen bonded and non-hydrogen bonded molecules.
Using the random variable transformation theorem 27 we can map the joint configurational probability density onto its functionally dependent joint probability density for pair potential energies. Thereby a given matrix of molecular positions and orientations, Ω, is mapped onto a vector of interaction energies, U , which can be formally written for given values ω and u as follows:
The functional relation δ(u − f (ω N )) contains a class indicator (close contact, hydrogenbonded, etc.) as well as the appropriate averaging operation accounting for the indistinguishability of pairs within a certain class (for details see section 1 in the Supplementary information). This way we can construct, using appropriate functional relations, probability densities for observing, for example, a (non)hydrogen bonded pair with certain energy or a joint probability density of observing two pairs of different classes having given energies.
Comparing the values per water molecule/cluster inside the first and second hydration shell with the corresponding bulk values we are able to select the most important contributions to the entropy loss. The Gibbs-Shannon entropy,
evaluate the total uncertainty of a quantity u i , and thus quantifies the fluctuations. Alternatively, Kullback-Liebler entropy or Correlation entropy (the latter is taken after 28 ) is used to quantify the total correlation between two random variables X and Y (which can be components of U , for example various combinations of hydrogen-bonded and non-HB pairs (U HB and U non−HB ). The correlation entropy can be expressed in terms of individual and
, or explicitly in terms of corresponding probability densities:
We limit the present discussion to 3 and 4-particle correlations to asses how fluctuations of various HB and non-HB pairs are correlated.
Being predominantly interested in generic features and less on the specific effect of solute sizes we focus first on the properties of individual pairs of molecules and find that the dipolar entropy difference between the hydration shells and the bulk, which directly measures the Table 1 in section 3 of the Supplementary information) but fall off rapidly further away.
Thus, the picture of two perturbed hydration layers is retained.
The results suggest that the traditional explanation of the HE on the molecular scale needs a substantial revision. It is not a reduced configuration space for hydrogen bonding that is responsible for the observed lowering of entropy, but a striking increase of many-body correlations (Fig. 4a) , which is essentially due to hydrogen bonding being a strong and orientationally dependent interaction. The increase of many-body correlations is necessary to compensate for the reduction of fluctuations in the local electrostatic field and the resulting local HB-strengthening when one or more "polar" water molecules are replaced by an "apolar" hydrophobic particle. This effect should scale as the difference between local field distributions experienced by the water molecule in bulk (Fig. 4b black curve) and by a bulk water molecule for which one neighboring water molecule is omitted from the calculation of the local field ( Fig. 4b black curve) . If left uncompensated, such as in the latter case, the distribution is shifted significantly to lower values. It also turns out that the distributions of field strengths in the hydration shells are almost identical to the one in bulk liquid ( Finally, the results allow us to speculate that the range of hydrophobic interactions beyond that expected from the minimally-exposed surface area reasoning is a result of the propagation of many-body correlations beyond the first hydration shell.
I. METHODS
We performed extensive constant pressure Monte-Carlo (MC) simulations with TIP5P
water and freely moving hard sphere solutes at room temperature (298 K) and 1 atm assuming periodic boundary conditions. After an extensive equilibration period we performed as many trial moves as to assure that on average each molecule was successfully moved 4 × 10 5 times at the maintained acceptance rate of 30%. To exclude (auto)correlations the successive configurations used for the analysis were taken to be as far apart as to assure that between each taken configuration each molecule was successfully moved at least 5 times. 
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The random variable transformation theorem is used to map the joint configurational probability density, onto its functionally dependent joint probability density for pair potential energies. Thereby molecular positions and orientations, Ω N = (R N , α N ), are mapped onto a vector of interaction energies, U :
The functional relation δ(u − f (ω N )) contains class indicators (close contact, hydrogenbonded, etc.) and the the appropriate averaging operation accounting for the indistinguishability of pairs within a certain class.
If we denote the solute position as R s the general functional expressions
can be written as follows.
In the scalar case (i.e. density p(U x )) we have:
where χ d (Ω i , Ω j ) is the indicator function for the distance cutoff for nearest neighbors
H(x) being the Heaviside function and χ HB (ω i , ω j ) is the indicator function for hydrogen bonding (which is left out in the case of non-hydrogen bonded neighbors) 
which localizes the tagged molecule i in a certain hydration shell (first, second shell or bulk).
In the non-scalar case p(U ) is a joint distribution. Then we have, for example for a joint distribution for a 3-body or 4-body density (or equivalently for a pair density of pairs), p(U 0x , U 0y ) or p(U 0x , U jz ) respectively: is the connectivity indicator function and defines the topological relation between both pairs. Two pairs may be connected with a hydrogen bond or not.
Corresponding equation for higher dimensional probability densities can be constructed accordingly.
II. CALCULATION OF THE ORINENTATIONAL DISTRIBUTION OF THE LO-CAL ELECTROSTATIC FIELD
The systems under investigation all have spherical symmetry around the center of the solute. Thus, all points in the space-fixed frame (denoted by prime) with with the same radius r ′ are positionally equivalent. As we classify the water molecules according to their position with respect to the solute as belonging to the first and second hydration shell or the bulk, we can drop the radial component when dealing with molecules in a particular shell and simply retain the angular variables (θ ′ , ϕ ′ ), where θ ′ = arccos(
. We choose to describe the orientational distribution of the instantaneous electrostatic filed orientation in a given point of the space-fixed frame as a distribution over the surface of a unit sphere. In order to take into account the equivalence of positions at given radius in the space-fixed frame we set the secondary local frame in the following manner. The secondary x, y and z axes are chosen to coincide with the polar, azimuthal and radial directions at (θ ′ , ϕ ′ ). Specifically, this amounts to the following basis:
The local electrostatic field at a point r ′ = (x ′ , y ′ , z ′ ) due to a collection of N point charges
q i (r ′ −r ′′ i ) |r ′ −r ′′ i | 3 . The unit Cartesian components of the field in the secondary frame at (r ′ , θ ′ , ϕ ′ ) are thus:
After a trivial transformation to spherical coordinates in the secondary frame, we may write for the orientational distribution of the electrostatic field experienced by a water molecule in shell d i (first, second or bulk):
.
III. GIBBS-SHANON AND CORRELATION ENTROPY DIFFERENCES
We denote a tagged molecule with 0, its neighbors with i, j, k; i = j = k = . . ., and the nearest neighbors of the nearest neighbors with primes. A 3-body correlation entropy of a tagged molecule and its two nearest HB neighbors is thus, for example, S 
